Transarterial chemoembolization (TACE) moderately prolongs the survival of patients with intermediate-stage hepatocellular carcinoma. Molecular targeted therapy (MTT) may improve the efficacy of TACE. However, the findings of clinical trials evaluating the efficacy of a combination of TACE and MTT are conflicting. We hypothesized that this disparity can be prevented using alternative study designs. In this review, we classify the pertinent issues of study designs into five domains: primary endpoints, patients, TACE procedures, timing of randomization, and drug administration. Furthermore, we discuss the methods for increasing the success rate by minimizing potentially confounding factors within these five domains. Transarterial chemoembolization (TACE) is the current standard therapy for patients with Barcelona Clinic Liver Cancer (BCLC) intermediate-stage hepatocellular carcinoma (HCC) [1] [2] [3] . The survival benefit of TACE is supported by the results of meta-analysis of clinical trials comparing TACE with other conservative treatments in patients with inoperable HCC [4] . The results showed that the median survival of patients improved from approximately 16 to 20 months following TACE [4, 5] . Although advances in TACE techniques and the use of new embolization agents may improve the efficacy of TACE [6, 7] , other approaches are needed
to further improve the outcome in HCC patients treated using TACE. Molecular targeted therapy (MTT) has improved the survival of patients with advanced-stage HCC [5, 8] . Therefore, combining MTT and TACE may additionally improve the survival in patients with intermediate-stage HCC. Many molecular targeted agents (MTA) are currently undergoing evaluation in randomized trials (table 1) . However, the designs of these trials differ significantly. The results of two trials combining sorafenib and TACE were recently reported. Both trials failed to demonstrate a therapeutic benefit of the combination therapy for time to tumor progression (TTP) or overall survival (OS) [9, 10] . However, specific subgroups of patients who received treatment for more than 6 months exhibited significantly better survival (table 2) . Because median survival can be greater than 2 years in patients with intermediate-stage HCC, it is likely that an extended exposure period is necessary for MTA effects to reach the biological threshold at which survival benefit becomes measurable. Therefore, early discontinuation of study drug treatment may significantly undermine the statistical power of efficacy analysis in randomized trials ( fig. 1 ). Clinical trials should be designed to minimize confounding factors that could lead to early discontinuation of study drug [1-3, 11, 12] . Factors that are crucial in this regard can be categorized into five domains: (1) selection of primary endpoints, (2) selection of patient population, (3) selection of TACE procedures, (4) timing of randomization, and (5) study drug administration. In this review we discuss the confounding effects potentially associated with each domain and the possible interactions among domains in trials combining TACE and MTA. We also discuss strategies that can help improve sensitivity and accuracy measurements of MTA efficacy. 
Domain 1. Selection of Primary Endpoints
Improvement in OS is the gold standard for measuring the efficacy of anticancer treatments. With regard to the testing of new drugs for advanced-stage HCC, randomized phase II trial designs that use TTP as the primary endpoint are recommended, in order to avoid the potential confounding effects of patients' underlying cirrhosis on OS [11] . However, this approach may be less reliable for patients with intermediate-stage HCC, for which OS benefit is the primary endpoint. In recent clinical trials of TACE for intermediate-stage HCC, the median TTP was found to be approximately 5-6 months. However, the median OS can exceed 2 years, indicating that most patients are exposed to the study drug for relatively short periods during clinical trials ( fig. 1) [9, 10] . Unless the effect of the study drug can be sustained for a sufficient period of time, the OS benefit will be markedly attenuated.
In recent TACE trials, tumor progression was most often defined by either the Response Evaluation Criteria in Solid Tumors (RECIST) guidelines or the modified RECIST, which measure the size of viable tumors that are enhanced during the arterial phase of contrast-enhanced computed tomography or magnetic resonance imaging [13, 14] . These definitions must be used carefully in TACE trials for two reasons. First, liver tumors, especially larger ones (>5 cm in diameter), usually undergo heterogeneous enhancement after TACE and response may be difficult to evaluate by measuring either the size or the extent of enhancement. Second, although the occurrence of new tumors in the liver after TACE initiation is considered as tumor progression, many physicians choose to continue TACE provided absolute contraindications are absent. Therefore, clinical trial protocols that are contradictory to the common practice of physicians will lead to early discontinuation of the study drug through reduced physician compliance. Because of these concerns, recent studies have led to the increasing use of time-to-untreatable progression or time-to-TACE failure as an endpoint in TACE trials [3, 15] . The definition of untreatable progression can be categorized as follows: (1) absolute contraindication of TACE, including decompensated liver and kidney function, main portal vein thrombi, and untreatable arterioportal shunt; (2) expected poor response to further TACE, including continuing development of new hepatic tumors, despite adequately performed TACE and poor vascular access; (3) development of new vascular invasion or extrahepatic metastases; and (4) other relative contraindications of TACE. It appears that only categories (1) and (2) are unequivocally considered as untreatable progression. In other situations, physicians may decide to continue TACE if the major tumor burden remains in the liver. This may subsequently represent a potential confounding factor.
Furthermore, the definition of untreatable progression should not include subjective factors. For example, in the SPACE trial conducted by Lencioni et al. (2012) , a reduction in performance status following TACE was considered as untreatable progression [10] . This was highly subjective, as proven by the dramatic difference between Asian and non-Asian patients who withdrew from the trial solely because of this factor. Therefore, a consensus on the definition of untreatable progression is crucial for TACE trials to ensure the homogeneity of study endpoints.
Domain 2. Selection of Patient Population
The inclusion of patients with tumors (e.g., maximum diameter greater than 10 cm) or those with Child-Pugh class B cirrhosis requires further consideration. Such large tumors may respond poorly to TACE and progress rapidly following TACE. Larger tumors and ChildPugh B class cirrhosis may also predispose patients to TACE-related or study drug-related adverse events, especially in regard to liver decompensation. Therefore, the inclusion of these patients may increase the risk of early discontinuation of the study drug. Early study drug discontinuation may seriously undermine the statistical power of efficacy analysis, and greater sample sizes are needed to prove the efficacy of the study drug. It is thus critical to select the right patients to avoid early discontinuation of the study drug.
Most recent TACE trials targeted patients with BCLC intermediate-stage disease and some included those with tumor invasion of the portal vein branches. The efficacy of TACE in patients with vascular invasion is unclear. Most early TACE trials excluded patients with vascular invasion (table 1) . In a Hong Kong trial that showed a survival benefit of TACE, a subgroup analysis in patients with vascular invasion (n = 21) revealed a nonsignificant difference in median survival (5.1 and 2.6 months in the TACE and control groups, respectively) [16] . However, in daily practice in most Asian countries, TACE is still an option of palliative therapy for patients with segmental portal vein invasion, and exclusion of these patients may reduce the accrual rate of TACE trials by 20-30%.
Domain 3. TACE Procedures
The schedules and methods for TACE are heterogeneous. In clinical practice, TACE is usually performed once or twice to achieve tumor necrosis and further performed in cases of suspected residual or recurrent tumors, termed on-demand TACE [2, 3] . In most reported trials, TACE was performed at predefined schedules that were often every 2-3 months. In the context of clinical trials, scheduled TACE may avoid the potential imbalance of TACE treat-ment between treatment groups. However, scheduled TACE may be associated with an increased risk of treatment-related adverse events and liver decompensation [3, 17] . Moreover, scheduled TACE may not reflect everyday practice for the majority of interventional radiologists and occasionally may not represent the best treatment option for patients. Therefore, scheduled TACE may increase the risk of early discontinuation of the study treatment and undermine the statistical power of efficacy analysis in TACE trials.
The optimal chemotherapeutic regimens used in conventional TACE remain undetermined. Recent research efforts have focused on the development of novel agents such as drugeluting beads. Results of a randomized TACE trial using doxorubicin-eluting beads indicated lower treatment-related toxicity and a trend of improved objective response compared with conventional doxorubicin treatment [7] . Although guidelines to standardize procedures using doxorubicin-eluting beads were recently established, little is known regarding the optimal dosing and scheduling of doxorubicin. Moreover, the principles of doxorubicin dose adjustment based on patients' liver function reserves and adverse events are unclear [18] . This implies that in a TACE trial using drug-eluting beads, the investigators will need some time to familiarize themselves with this new procedure. Without adequate experience of this novel delivery method, investigators may choose to withdraw subjects from study treatment and resort to conventional TACE when adverse events occur. The results of the study would thus Table 2 . Impact of treatment duration on clinical outcome: Examples from trials combining TACE plus sorafenib Japan-Korea trial [9] SPACE trial [10] Japan be affected by the large number of patients undergoing further TACE after documented "untreatable progression" (table 2) .
Domain 4. Timing of Randomization
An important rationale of combining TACE and MTA is to improve the outcome of TACE by inhibiting TACE-induced angiogenesis. Theoretically, to achieve this goal, antiangiogenic therapy should start before or immediately after TACE. A shortcoming of this approach is that it will enroll a significant proportion of patients who do not respond to or cannot tolerate TACE (up to 20% in recent TACE trials) [7, 10] , thus increasing the risk of early discontinuation and nullifying the potential benefit of MTA. A second concern is that the response to TACE may not be balanced between the treatment and control groups. Furthermore, since subjects usually receive the study treatment immediately after randomization, the side effects of TACE and MTA may overlap and confound the interpretation of adverse events.
An alternative design is to randomize patients after achieving response to TACE, which can ensure a more homogenous and balanced patient population in terms of TACE response. However, this will delay the study treatment. A Japanese-Korean trial of sorafenib use following TACE reported a median duration of 9.3 weeks (range, 5.6-13.3 weeks) between final TACE and randomization [9] . This delay, which resulted mainly from the requirement for documented TACE response, precluded the possibility of inhibiting TACE-induced angiogenesis by sorafenib, an event that may occur within days after TACE [19, 20] .
We suggest that the timing of randomization should be determined according to the mechanistic features of the MTA being tested. For antiangiogenic agents, randomization should be done before or immediately after initial TACE. Selection of the patient population should focus on patients with relatively low tumor burden and good expected response to TACE. Such patients would represent a more homogenous group, which can be maintained on the study drug for longer periods. For other MTA, randomization can be done after achieving a prespecified response to TACE. This can ensure homogeneity of the baseline patient characteristics and minimization of the risk of early discontinuation caused by tumor progression.
Domain 5. Study Drug Administration
To maximize the potential efficacy of MTA, a continuous treatment schedule was adopted in early TACE-based trials (table 1) . However, the overlapping of side effects of TACE and MTA may have resulted in additional adverse events and early discontinuation of the study drug. A recent meta-analysis of clinical trials using vascular endothelial growth factor receptor kinase inhibitors in cancer patients indicated that this class of drugs is associated with increased risk of treatment-related death, with a relative risk of 2.23 (95% confidence interval, 1.12-4.44) compared with control groups [21] . The most common causes of treatment-related death in these trials were bleeding, myocardial infarction, and liver dysfunction [21] . These adverse events were also the most commonly reported serious events in TACE-based trials. Although no evidence has established that a combination of TACE plus vascular growth factor receptor kinase inhibitors further increases the risk of bleeding, a trend toward increased liver toxicity was detected in two trials that used a combination of TACE and sorafenib [9, 10] .
Although it is unclear whether the continuation of study drug during TACE is associated with early study drug discontinuation, recent TACE-based trials adopted an on-demand TACE schedule and an interrupted regimen of the study drug to avoid overlapping of side effects (table 1). The study drug was withheld temporarily, usually for several days to 2 weeks during each TACE session. Preliminary reports of these studies indicated good tolerance to the study drug [22, 23] .
With regard to the new TACE techniques, investigators will need some time to familiarize themselves with the new study drugs, especially with regard to timely dose adjustment and better management of adverse events. These issues may have contributed to the early discontinuation of the study drug by Japanese and European investigators in both trials involving a combination of TACE and sorafenib (table 2). Recognition of this "learning curve" is a first step toward avoiding early discontinuation and ensuring homogeneity of study drugs. The five domains above have complex interactions in the context of clinical trials combining TACE and MTA. To maximize the possibility of determining the potential efficacy of MTA, clinical trial designers should be mindful of protocol harmonization, patient selection, and physician compliance (table 3) . In protocol harmonization, the definitions of response to TACE, demand for further TACE, and TACE failure (untreatable progression) should be defined clearly. We believe that definition of TACE failure should be restricted to patients with absolute contraindications for TACE (decompensated liver and kidney function, main portal vein thrombi, and untreatable arterioportal shunt) or to those with continually progressing intrahepatic tumors, despite adequately performed TACE. The treatment schedule should be designed to consider the potential overlapping toxicity of TACE and MTA. In patient selection, especially in early proof of concept trials, patient populations with borderline liver function reserves or a large tumor burden should be avoided. These steps will help reduce early discontinuation of the study drug and increase the number of opportunities to detect the potential efficacy of the MTA. For enhanced physician compliance, the trial design should be pertinent to actual clinical practice to ensure TACE protocol adherence and to reduce the heterogeneity of post-TACE therapy. This will be especially important when OS is used as the primary endpoint. 
